This paper investigates the role of Au pre-deposited layer in the growth of MgO structures by chemical vapor deposition (CVD) technique. Pre-deposition layer in the form of Au thin film of different thicknesses, and size selected Au nanoparticles have been used for this purpose. The diameter of the MgO rods is found to be related to the thickness of the pre-deposited layer. When Au thin films are used, diameter of the nanorods is observed to be larger than the size of Au particles formed after annealing the pre-deposited film. It has also been demonstrated that the diameter of MgO nanorods can be controlled by using size-selected and well separated Au nanoparticles on the Si substrate. #
Introduction
MgO is an ionic compound with rock salt structure and has found potential applications as catalyst, additive in refractory, paints, superconductor products and as substrate for thin film growth. [1] [2] [3] MgO nanorods and nanowires attract special attention due to their ability of pinning magnetic flux lines in high temperature superconductor materials (HTSCs). It has been observed that the performance of HTSCs at high temperatures and magnetic fields can be improved by incorporating a two-dimensional (2D) array of MgO nanowires as columnar defects into the HTSCs. 4) Several techniques have been used for the growth of MgO nanostructures. MgO nanorods, nanowires, 5) nanobelts, 6) and nanotubes 7) have been obtained using vapor phase deposition techniques. Apart from this, hydrothermal techniques 8) and pulsed laser deposition techniques have also been used. 9) However, an understanding of the role of different parameters in the growth of oxide nanostructures is still lacking. How the different parameters like the ambient temperature, pressure, flow conditions and the thickness of the Au predeposited layer affect the nanorod growth can provide important information about growth mechanism. In a few studies, the effect of ambient temperature and pressure has been investigated. 10, 11) The effect of the morphology of the pre-deposition layer on the growth of MgO nanorods has not been reported yet. This is especially important as the growth of MgO nanorods on silicon substrates has been reported with and without the pre-deposited catalytic layer. 12, 13) The objective of the present work is to study the growth of MgO nanorods as a function of the thickness and nanoparticle size in the Au pre-deposition layer.
Experimental Procedure
The experimental setup for the deposition of MgO nanorods consisted of a horizontal ceramic tube furnace fitted with gas inlet and a rotary pump to maintain the desired pressure. A ceramic boat containing a uniformly mixed powder of MgO and activated charcoal was loaded in the heating zone of the furnace and the substrates were placed in an upside down position above the boat. The furnace was evacuated before starting the desired deposition. Au thin films were deposited on the Si substrates using thermal evaporation under high vacuum conditions. To prepare Au nanoparticles, Au (99.999%) was evaporated using a tube furnace in argon flow of 1.5 slm and subsequently cooled down to form Au aerosol. The Au aerosol comprising of a number of primary agglomerates due to Brownian coagulation of the nucleated particles is charged using a radioactive -source ( 241 Am) and then is allowed to flow into a home-built differential mobility analyzer (DMA) for size fractionation. The DMA selects the particles on the basis of their electrical mobility, which is a function of the particle size, charge level and shape. The nanoparticle size can be varied by varying the electric field in the size-selection zone of the DMA. The details of the deposition methods for the Au nanoparticles have been described in the work by Kala et al.
14 ) The exact details of substrates used are summarized in Table I . Si(100) substrates were cleaned using a mixture of HF and deionized water (1 : 10), ultrasonicated for 120 s, and finally rinsed with deionized water and acetone. It is important to note that after evacuating the tube, argon gas was allowed to flow in the tube at the rate of 20 sccm throughout the experiment, maintaining the tube at atmospheric pressure. The furnace was heated up to a temperature of 1150 C and kept at that temperature for about 2 h.
The samples were characterized by scanning electron microscopy (SEM; Ziess EVO 50), and high resolution transmission electron microscopy (HRTEM; Tecnai G20-Stwin) at 200 kV. The energy dispersive X-ray (EDX) analysis was carried out by using EDAX attached with the TEM.
Results and Discussion
Figure 1(a) shows the SEM micrograph of sample S1 deposited on bare Si substrate without any gold pre- disposition layer. The nanorods are highly oriented with most of them having a bent at the end. The bent is clearly visible in the magnified image shown in Fig. 1(b) . The nanorods are bout 4 mm long with their diameter ranging from 100 to 300 nm. A small round particle can be seen on the tip of the nanorods. Figure 2 (a) shows the growth of well-connected multilayered network of nanowires of MgO on a substrate having an 8-nm-thick Au layer on Si substrate (sample S2). The magnified image shown in Fig. 2(b) shows that there is a good connectivity between different nodes. The nanorods are of varying lengths with some of them extending to beyond 10 mm. The diameter of the nanorods varies from about 150 to 200 nm. Figures 3(a) and 3(b) show growth of very dense vertically aligned rods on Si substrates coated with 5-nmthick gold film (sample S3). These rods are around 2000 nm in diameter. For the 3-nm-thick gold layer over Si (sample S4), the rods are about 700 nm in diameter. These rods are shown in Fig. 4 .
It is interesting to note that there is large difference in the morphology of the nanorods on i) bare Si substrate, ii) 8 nm Au pre-deposited Si, and iii) Si substrates having smaller Au thickness (5 and 3 nm). In case of bare Si substrates without any pre-deposited layer, MgO nanorods have a slight bent at the tip. In case of 8 nm Au thickness, there is a three dimensional network of MgO nanorods. In case of samples S3 and S4, with pre-deposited Au layer of 5 and 3 nm respectively, the nanorod growth is more controlled. It seems that in case of sample S2, excess Au is present on the Si substrate, which evaporates and gets redeposited at different points along the nanorod length. This results in the formation of multiple nucleation sites for nanorods growth.
Simultaneous growth of MgO nanorods at various nucleation sites results in the formation of a three dimensional nanorod network. 15) A comparison of the diameter of the rods in samples S3 and S4 shows that as the thickness of the Au layer is reduced, the diameter of the rods also decreases. Sharma et al. have studied the effect of annealing on the morphology of Au layer having different thicknesses. 16) Gold film of varying thickness was deposited on Si substrate using electron beam evaporation and subsequently annealed in hydrogen ambient for 5 -10 min at 95 Torr and temperature in the range of 400 -900 C. It was found that a thicker gold film forms into droplets with a broader size distribution. The percentage of droplets with a diameter less than 50 nm increased as the film thickness is reduced. While, the percentage of nanoclusters having diameter within 50 nm was 85% for 5-nm-thick gold layer, it was almost 100% for 0.2-nm-thick Au layer. SEM image of gold nanoparticles formed after annealing Si substrates coated with 3-, 5-, and 8-nm-thick Au layer has been shown in Figs. 5(a)-5(c) . It can bee seen that the nanoparticles formed have a wide size range with the average diameter being 80, 160, and 60 nm for 3-, 5-, and 8-nm-thick Au layer, respectively. It appears that at larger Au thickness (8 nm), formation of smaller nanoparticles with large number density is preferred over the formation of larger nanoparticles with smaller number density. Thus the uncontrolled growth in the case of sample S2 (8-nm-thick Au layer over Si) is because of the presence of larger number of Au nanoparticles close to each other. In the case of 5-and 3-nm-thick Au layer the diameter of the MgO rods seems to be related to the size of the nanoparticles.
To confirm the relationship between the diameter of the rods and the size of the Au alloy nanoparticulates, size selected Au nanoparticles having well-defined sizes and well separated from each other were deposited on Si substrate. This was done to ensure that there is no agglomeration during MgO deposition. The SEM micrograph of the gold nanoparticles deposited on Si substrate is shown in Fig. 6(a) . Figures 6(b) and 6(c) show the growth of well-dispersed nanorods on these substrates (sample S5). A comparison of the image of Au nanoparticles and that of MgO nanorods shows that each nanoparticle results in the growth of one nanorod. The TEM micrograph as shown in Fig. 7(a) , gives a clear idea of the size of the nanorods formed. Nanorods are about 70 nm in diameter and about 300 nm in length. As can be seen from the figures, the nanorods are quite uniform in diameter. Although, the Au nanoparticles used in this experiment were $25 nm in diameter, the nanorods have diameter of 70 nm. It is possible that the spherical Au nanoparticles in the pre-deposited layer melt during deposition and form hemispherical droplets having a larger average diameter. These reformed Au nanoparticles on the Si substrate act as catalyst for the growth of MgO nanorods. EDAX study was carried out to ascertain the growth mechanism of the nanorods. Figures 7(b) and 7(c) show the result of EDAX study of the region marked as (a) (tip of the rod) and (b) (middle of the rod). It was found that for the sample S5, the dark region at the tip of the nanorod shown in Fig. 7(a) is rich in Au. This not only indicates that the growth of nanorods for samples S2-S5, takes place by the vapor-liquid-solid (VLS) mechanism but also that Au predeposited layer/nanoparticles play an important role in the growth of nanorods. The growth of MgO nanorods on bare Si (sample S1) is controlled by the self catalyzed VLS mechanism. 17) Mg seed that is deposited initially acts as the catalyst for the VLS growth by forming Mg-Si alloy. MgO evaporates out of the precursors and dissolves into Mg-Si alloy droplets to form Mg-Si-O ternary alloy droplets. When the MgO concentration in the Mg-Si-O alloy droplets reaches supersaturation, MgO precipitates out of the ternary alloy droplets and finally grows into MgO nanorod.
Conclusions
A systematic study of the dependence of the growth of MgO structures on the morphology of Au pre-deposited layer has been carried out. It has been shown that larger thickness (8 nm) of the Au layer results in an uncontrolled growth of MgO nanorods. This has been attributed to the larger number density of the Au nanoparticles formed after annealing. However, at smaller Au thickness, the growth is better controlled. Although, the diameter of the MgO nanords is much larger than the average size of the Au particles, the average diameter of the rods decreases with the decrease in the pre-deposited Au film thickness. It has also been shown that by using size-selected Au nanoparticles well dispersed MgO nanorods can be grown. Since there is no possibility of agglomeration of Au particles during deposition, the diameter of the MgO nanorods is directly related to size of Au nanoparticles. Thus, by using well separated and size selected Au nanoparticles, diameter of MgO nanorods can be controlled. It was also observed that Au is present on the tip of the MgO nanorods grown over Au coated Si substrates, which confirms the growth mechanism to be VLS. In comparison, the growth of MgO nanorods on bare Si substrate takes place via self-catalyzed VLS. 
